The fermentation of the neutral detergent-soluble (NDS) fraction of two legumes (clover, alfalfa) and two grasses (timothy, guinea grass) was measured using a curve subtraction technique with in vitro gas production data from the whole forage and the isolated neutral detergent-extracted fiber. The NDF disappearance and VFA production also were measured. There were no significant differences between the VFA patterns from whole forage and NDF. There was a good linear correlation between the volume of gas produced and the mass of fiber digested in the NDF samples. Analysis of the gas curves with a dual-pool logistic model gave a lag value, digestion rates and pool sizes for the whole forage, the fiber component, and the NDS fraction. Rates for the NDS fraction ranged from .152 h −1 for clover to .191 h −1 for timothy. These rates are appreciably lower than values assumed in some models. Application of a triple-pool logistic model revealed the presence of faster-digesting material in the legumes. We discuss several different ways to measure the NDS pool size. The simplest method requires only a single gas measurement at the end of in vitro digestion of the whole forage coupled with an NDF disappearance measurement. The curve subtraction technique can provide information on the size and digestion kinetics of the NDS pool. This information is useful both for model studies and for agronomic research and may help us to understand the nutritional significance of this fast-digesting carbohydrate fraction.
Introduction
Aqueous buffers extract simple sugars and their short-chain polymers from forage (Smith, 1981) . Neutral detergent also removes pectic substances and starch in addition to a non-carbohydrate fraction (Van Soest et al., 1991) . We know little about the digestion kinetics of this neutral detergent-soluble ( NDS) pool because most in vitro kinetic studies have followed the disappearance of insoluble cell wall components and the gravimetric techniques used do not measure soluble material.
Because several terms currently are used to describe different carbohydrate fractions, it is necessary to define the terms used in this paper at the outset. Neutral detergent solubles (NDS) refers to the portion of the plant extracted by neutral detergent (Van Soest et al., 1991) . The NDS contain carbohydrates such as starch, sugars, and pectic substances as well as non-carbohydrates, including protein, soluble phenolics, ash, and lipids. We use the term NDSC to describe the carbohydrate fraction of the NDS. The amount of this fraction may be calculated using the formula: NDSC = 100 − (NDF + CP + ether extract + ash)
In this paper, we present an approach to study the digestion kinetics of NDS. This approach views digestion from the product, rather than the substrate, perspective and relies on the fact that anaerobic microbial digestion of carbohydrates yields primarily CO 2 , CH 4 , and VFA. These products can be measured by following gas production in a bicarbonate-buffered in vitro system (Pell and Schofield, 1993) . The NDS contribution is measured by subtracting the digestion curve produced by the NDF fraction of a forage from that produced by a corresponding amount of the whole forage. This "curve subtraction" approach has been applied to clover, alfalfa, timothy, and guinea grass. We report methodological details together with kinetic and other parameters relating to the NDS pools from these forages.
Materials and Methods
Forages. We used four forages in this study; two immature legumes (clover, Trifolium pratense; alfalfa, Medicago sativa) , and two grasses (timothy, Phleum pratense; guinea grass, Panicum maximum) . Both the guinea grass and the timothy were mature and had headed out fully. The timothy, alfalfa and clover grew in Ithaca, New York; the guinea grass was from Puerto Rico. Forage analyses were performed as described by Van Soest et al. (1991) except that NDF was measured by a micro-scale adaptation of the conventional procedure (Pell and Schofield, 1993) . The results of these analyses appear in Table 1 .
Preparative Neutral Detergent Fiber. We prepared NDF fractions for digestion studies by autoclaving several bottles, each containing 2.4 g of forage, 100 mL of neutral detergent solution, and .4 mL of Termamyl 120 (Novo Nordisk Bioindustrials, Danbury, CT) for clover and alfalfa (Van Soest et al., 1991; Pell and Schofield, 1993) at 105°C for 1 h. We washed the pooled extracted fiber several times with hot distilled water using a 37-mm mesh nylon screen as a filter and then rinsed the fiber with 100 mL each of ethanol and acetone. The fiber was subjected to vacuum until it was almost dry and was then incubated overnight at 39°C with 100 mL of 1 M ammonium sulfate to remove any trace of ionically bound detergent. We repeated the filtration and wash, and then dried the fiber for several hours in a vacuum oven at 50°C.
Gas Measurements. The equipment and procedure for these studies were described in detail elsewhere (Pell and Schofield, 1993; Schofield, 1995) . The equipment consists of a 39°C wood-walled incubator heated by a 100-watt light bulb and containing a magnetic stirrer to provide gentle, intermittent stirring at 45 rpm. Pressure sensors ( 0 to 103.4 kPa, 0 to 15 psi) were attached, via a 20-gauge hypodermic needle, to 50-mL serum bottles containing the in vitro medium and forage. The sensor signal (1.3 to 6.5 volts DC) was transferred to an IBM-compatible computer via an analog-to-digital card (model AD2200, Real Time Devices, State College, PA), and data were collected using Atlantis for Windows ® software (Lakeshore Technologies, Chicago, IL). We used Microsoft Excel 4.0 ® under Windows 3.1 ® (Microsoft, Redmond, WA) for data processing. The bicarbonate-phosphate buffer system and medium of Goering and Van Soest (1970) were used for in vitro digestion except that sodium sulfide was replaced by an equal weight of cysteine hydrochloride and resazurin was omitted.
One change to the published procedure for gas measurement (Pell and Schofield, 1993) involves sensor calibration. Previously, we used an independent four-point calibration to establish a milliliter per volt value for use in succeeding fermentation experiments (Pell and Schofield, 1993) . These results showed the sensor response was strictly linear ( r 2 > .999) over the pressure range tested, namely 0 to .7 atmospheres, but we did not test the stability of this response over a series of experiments. In the present study, we recalibrated the sensors each time we used them by the following procedure: forage and 8.0 mL of anaerobic medium were placed in each bottle as described previously. Instead of adding ruminal fluid, the bottles were stoppered, crimp-sealed, equilibrated to 39°C, and sensors inserted. After recording a "blank" sensor reading, 10.0 mL of CO 2 was injected and second reading taken. We used these two readings to derive a calibration value, as described below. The ruminal fluid inoculum (2.0 mL) then was added, and the computer was programmed to record readings at 30-min intervals for 48 h.
The calibration values are calculated as the volume of gas injected divided by the corresponding voltage change. These "raw" values must then be corrected to account for the volume changes in both liquid and gas phases when the inoculum is added. As we have shown elsewhere (Schofield and Pell, 1995) , the equation needed to make this correction is as follows:
QV a2
where C = calibration factor, V g = volume of gas phase, V a = volume of aqueous phase, Q = sRT where s measures the gas solubility. The subscripts 1 and 2 are used in situations in which the overall bottle volume remains constant but the relative volumes of gas and liquid differ. For an insoluble gas, Q = 0; for CO 2 , s = .0246 mol·L −1 ·atm −1 (Dixon and Kell, 1989) , and Q = .621. For our application, V a + V g is approximately 58 mL, V a1 = 8 mL, V a2 = 10 mL, and C 1 /C 2 = 1.014. The correction thus is small but readily implemented.
Experimental Design. Six samples of whole forage (duplicate pairs containing 60, 90, and 120 mg/bottle) and six samples of NDF (duplicate pairs having approximately the same amount of fiber as the whole forage samples) were digested with 8.0 mL of medium and 2.0 mL of ruminal fluid for 48 h at 39°C. The bottles then were vented, the sensors removed, and the pH measured. Aliquots of the medium were removed for VFA analysis and a micro-NDF analysis (Pell and Schofield, 1993) was performed on the remaining material.
Volatile Fatty Acid Analysis. After the pH reading, a 1-mL aliquot of the medium was centrifuged at approximately 2000 × g for 5 min, and 360 mL of the supernatant was transferred to a microcentrifuge tube containing 40 mL of 50 mM H 2 SO 4 . After mixing and standing at room temperature for 10 min, the centrifugation was repeated and the supernatant was analyzed for VFA by the HPLC method of Ehrlich et al. (1981) using a BioRad HPX-87H column (7.8 × 300 mm) at 30°C, isocratic elution with 5 mM H 2 SO 4 , and UV detection at 210 nm. A mixture of acetic, propionic, isobutyric, and butyric acids was included as a calibration standard in all analyses.
Statistical Analysis and Curve Fitting. Differences in the acetate:propionate ( A:P) ratio between the whole forage and the NDF fraction were evaluated using a two-way analysis of variance with forage and sample type (NDF vs whole) as the independent variables (SigmaStat ® , Jandel Scientific, San Rafael, CA). Gas curves were fitted to either a single-or dualpool logistic equation derived on the assumption that the rate of gas production is proportional to both the accumulated microbial mass and to the amount of digestible substrate remaining (Schofield et al., 1994) . The single pool version of the equation is
where V is the gas volume at time t, V F is the maximum volume at t = ∞, S is a rate constant called the specific rate ( S = maximum rate/maximum volume), and l is an integration constant equivalent to a lag term. The dual-pool version of Equation 1 would contain two terms, each with its own values for V F and S, but with the same value for l. Curve-fitting and associated statistics were performed with TableCurve ® (Jandel Scientific) under Windows 3.1 (Microsoft) as described previously (Schofield et al., 1994) .
Results
Curve Subtraction. The gas curves for the legumes (clover, alfalfa) and grasses (timothy, guinea grass), normalized to the amount of the fraction studied contained in 100 mg DM, are shown in Figure 1 . The gas contribution from the NDS fraction is greater for the legumes (Figure 1 , panels A and C ) than for the grasses (panels B and D). The NDF from alfalfa, timothy, and guinea grass (Figure 1 , C2, B2, D2) showed a pronounced lag in gas production, whereas clover NDF did not. Each of the directly measured curves numbered 1 and 2 in Figure 1 is the mean of six determinations, and the variation within these six samples is illustrated in Figure 2 for the alfalfa and guinea grass curves. Because the variance for the NDS curve is the sum of the variances for the whole forage and NDF measurements, there is a relatively large cumulative error in this curve. This error is an inevitable consequence of curve subtraction. The magnitude of error does not present a problem for alfalfa (AA) where the NDS content is relatively high; however, for guinea grass (GG), the NDS content is sufficiently low that its value is less reliably measured by this subtraction technique.
The curves in Figure 1 suggest that the NDS fraction plays an important role in the early stages of digestion but becomes less significant at later times. Figure 3 shows the cumulative percentage of total gas derived from NDS as a function of time. For clover and alfalfa, this percentage has a maximum value of >80% within the first 5 h and falls to approximately 65% after 20 h. Timothy shows a similar early maximum, but the curve falls more steeply and reaches a final contribution of 25%. Guinea grass shows a pattern similar to that of timothy but with substantially lower maximum and final values.
Volatile Fatty Acid Production. The curve subtraction approach rests on the assumption that VFA production, which generates approximately 50% of the observed gas (Beuvink and Spoelstra, 1992) , is not substantially altered by differences in substrate (i.e., between a whole forage and its NDF component). We tested this assumption by analyzing VFA profiles at the end of each run. The A:P ratio was used to evaluate substrate-related differences. More propionate, and thus a lower A:P ratio, appears in the ruminal fluid of cows fed a high-grain diet (Nocek and Tamminga, 1991) . Higher propionate is associated with lower gas production, because the extra carbon atom in propionate would otherwise have appeared as CO 2 (Wolin, 1960) , and we must pay attention to metabolic shifts of this kind if we use gas methods. Acetate, propionate, and butyrate levels are reported in Table 2 . In Figure 4 , we show the A:P ratio for the whole and NDF preparations of the forages studied. The two-way ANOVA showed that forage affected A:P ratio but sample type (whole or NDF) did not ( P > .05).
Correlation of Gas Volume with Neutral Detergent
Fiber Digestion. We have shown elsewhere that the volume of gas produced by digestion of NDF is linearly related to the mass of fiber digested (Pell and Schofield, 1993) . In these earlier studies, using alfalfa, corn stover, and timothy, .37 mL of gas was produced for each 1.0 mg of fiber digested (Pell and Schofield, 1993) . We examined the same correlation for alfalfa (different maturity), timothy (same sample), clover and guinea grass in this study and found a similar value of .39 mL/mg ( r 2 = .97, n = 24).
Kinetic Analysis. Kinetic data for each forage component are shown in Table 3 . The dual-pool equation used to model the data contains five parameters representing pool sizes (expressed as gas volumes), specific rates (maximum rate/maximum volume), and a single lag term (Schofield et al., 1994) . Both the total and the relative pool size data are presented, the latter in terms of the faster-digesting pool expressed as the percentage of the total gas. Taking the clover, alfalfa, timothy, and guinea grass in sequence, we found 1 ) the pool size of the rapidly digesting fraction was greatest for clover and lowest for guinea grass; 2 ) a similar trend appeared in the specific rates of the whole forage fractions, although guinea grass was slightly out of line; 3 ) the rate for the faster-digesting NDF fraction was higher than for the same fraction of the whole forage, as much as 65% higher for timothy Figure 2 . Range of experimental variation for gas production from alfalfa (AA) and guinea grass (GG). Error bars represent ± 1 SD (n = 6). o = whole forage, ◊ = NDF, ∫ = neutral detergent-soluble fraction (NDS) (by difference). Guinea grass was selected as the worst case. Experimental variation was similar for the other forages, and AA is typical of these. Figure 3 . Amount of gas from the neutral detergentsoluble (NDS) pool, expressed as a percentage of total gas produced throughout the incubation. o = clover, ◊ = alfalfa, ∫ = timothy, » = guinea grass. and alfalfa and less for clover and guinea grass (this finding is discussed below); 4 ) there was a much larger difference between digestion rates of the whole forage fast pools (clover = .153 h −1 , guinea grass = .096 h −1 ) than between the slower pools (clover = .028 h −1 , guinea grass = .031 h −1 ) ; 5 ) lag times for the NDS fraction were very short. Lag times for both the whole forage and the NDF could be ranked as follows: clover < alfalfa < timothy < guinea grass. These differences in lag represented the largest quantitative shift between the whole forage and NDF.
Discussion
For the purposes of this discussion, we consider only the carbohydrate portion of the NDS pool. We recognize that the pool contains protein and other noncarbohydrate nutrients, and that the protein plays an important role in the N economy of the animal. However, given a normal nutritional balance in vitro, protein does not seem to contribute significantly to gas production (L. M. Belli, P. Schofield and A. N. Pell, unpublished observations) or to microbial yield when present in excess of growth requirements (Van Soest, 1994) .
Validity of Curve Subtraction Approach: Extent of
Digestion. The specter of experimental artifact must be confronted to judge the validity of using NDextracted fiber in curve subtraction. If ND extraction changes either the rate or extent of fiber digestion, then curve subtraction may be invalid. If fiber digestibility is impaired by ND extraction, then the subtraction technique would tend to exaggerate the relative importance of the NDS pool and vice versa. We report fiber digestibility data in Table 3 , calculated as the fraction of NDF digested using either the whole forage or the NDF fraction as substrate. Alfalfa and guinea grass showed no difference in digestibility, whereas the digestibility of the NDF fraction from clover and timothy was approximately 6% higher than that of the whole forage. A similar increase in digestibility of grass hay after ND extraction was reported by Dowman and Collins (1982) . We conclude that changes in fiber digestibility after ND extraction are small. Table 3 merit some comment. The first is that specific digestion rates for the NDF and NDS fractions are, in all cases, greater than rates for the whole forage. The second point concerns the absolute rate values for the NDS fraction.
Validity of Curve Subtraction Approach: Rate of Digestion. Two features of the data in
The greater rates found for the NDF and NDS fractions may be an artifact of the two-pool model used for curve-fitting. Plots of the rates of gas production as a function of time (Figure 5 ), calculated by subtracting gas volumes at adjacent times, can be used to identify pools that are digested at different rates. These rate data are inevitably noisy because they reflect small differences between much larger volume terms. A single, kinetically homogeneous pool would show a Gaussian-shaped distribution. The rate plots ( Figure 5 ) suggest that clover and alfalfa contain at least two faster-digesting fractions in addition to the slower fraction, and timothy shows a hint of two faster fractions. The guinea grass data are difficult to interpret because of the small amount of NDS and because of the limited number of data points early in the fermentation.
This observation of two faster fractions suggests the need for a three-pool model in fitting the whole forage data. In Table 4 , we compare the results obtained using three-and two-pool logistic models (each with a single lag term) for clover and alfalfa. The three-pool model will always produce a better fit (higher F statistic) and is chosen over the simpler two-pool alternative only when this better fit is coupled with comparable t values (parameter value/parameter standard error) for all parameters. If the improved fit is obtained at the expense of using relatively poorly defined variables (e.g. t ≤ 5), then the improvement is illusory. Timothy and guinea grass fell into this category, and the data are not included in Table 4 .
The whole forage data from clover and alfalfa suggest that a three-pool model can give a more detailed description of the digestion kinetics of these forages than can the two-pool model As we consider which model is most appropriate for a given situation, Table 3 . Specific rates of digestion and other parameters a a Values are means (SD), n = 6. b Abbreviations used: W = whole forage, ND = neutral detergent-extracted fiber, NDS = neutral detergent-soluble component. c Total gas from the amount of each forage fraction contained in 100 mg DM of whole forage. d Percentage of material that was in the rapidly digested fraction, calculated from the gas volume parameters of the dual pool logistic equation (Schofield et al. 1994 ).
e Sr = specific rate of digestion. f Single pool model. we must distinguish between mathematical and chemical fractionation of forages. The pools identified by fitting multi-pool models to gas data are not identical to those obtained by chemical fractionation of forages. This important distinction is supported by both our data and by those of Nocek and English (1986) , who showed that there are multiple rate pools within a single chemically distinct fraction. The differences between the mathematical and chemical approaches can be used to advantage to identify effects of processing that are not reflected by changes in the chemical description of the feed (e.g., particle size and heat treatment of starch). However, these differences also mean that it is unrealistic to expect that some of the rates obtained by using a three-pool model with data from a whole forage will be the same as the rates from a two-pool model applied to the data from the fermentation of the NDF fraction of the same forage. To summarize, the discrepancy among the NDF, NDS, and whole forage digestion rates using the two-pool model may possibly be explained by these curve-fitting considerations.
The fastest rates measured for the whole forage fraction, using a three-pool model, were between .35 and .65 h −1 for clover and alfalfa, corresponding to exponential rates of 85 to 180% h −1 (Schofield et al., 1994) . At least one published nutritional model has assumed rates of 100 to 400% h −1 for digestion of the sugars and organic acids (Sniffen et al., 1992) . These estimates for rate of disappearance of the most rapidly digested carbohydrates were based on data on the growth of Streptococcus bovis in media containing soluble sugars as the sole carbon source (Russell and Robinson, 1984) . The discrepancy between the growth rates of S. bovis and digestion rates determined in this study can be explained in part by differences in substrate. The NDS rates we measured include the digestion of starch, pectic substances and the noncarbohydrate moiety of NDS, in addition to sugars and organic acids.
Validity of Curve Subtraction Approach: Summary.
It is difficult to assess the level of possible artifact in the curve-subtraction method. The detergent treatment may possibly render the NDF fraction more digestible by creating a structure more open to the fibrolytic bacteria. In this situation, curve subtraction would reduce the apparent contribution from the NDS pool. However, the close similarity between the gas curves for whole and ND-extracted guinea grass ( Figure 1D ) suggests that major structural changes do not play a role, at least in this forage. The parallel behavior seen for this pair of curves also argues against inhibition by residual detergent.
These caveats do not invalidate the curve-subtraction approach but rather serve to caution us against uncritical acceptance of results obtained using it. Clearly, direct correlation between kinetics from curve subtraction and the sizes and behavior of chemically defined forage fractions poses certain difficulties. It is also clear that the gas accumulation method, coupled with a multi-pool nonlinear analysis using the logistic model, can give useful information on the kinetics of forage digestion. In selecting models for curve fitting, the best course is to allow the data to determine which logistic model is most appropriate for a given situation rather than to impose a model based on chemical predictions.
Gas data from forage digestion in vitro can be used in different ways. If the goal is to predict the yield and time course of energy available to the animal, then the fine structure of the digestion curves is relatively unimportant and the simplest model that gives a close measure of yield and time course is adequate. If, however, questions of forage fine structure and digestion kinetics are investigated, then the more detailed information available from multi-pool models may justify the added effort involved in the interpretation of these analyses.
Theoretical and Empirical Gas Yields.
To compare the empirical gas yield of .38 to .39 mL/mg of NDF digested with that predicted theoretically, we may use the fermentation balance equation of Wolin (1960) . For production of gas and VFA from glucose, 57.5 glucose → 100 VFA + 60 CO 2 + 35 CH 4 , where VFA represents a mixture of acetic, propionic, and butyric acids. Because of phosphate-bicarbonate buffering in vitro, 1 mol of VFA produces approximately .8 mol of gas (Beuvink and Spoelstra, 1992) . Thus, we can predict a total gas yield of roughly 3 mol/ mol glucose digested in vitro. If we treat digested NDF as composed solely of glucose residues, then 1 mg of NDF = 1/162 mmol glucose = 3/162 mmol gas = .47 mL gas at 39°C and 1 atmosphere.
This value is not far removed from the empirical value of .39 mL/mg. The discrepancy may reflect the balance equation used and the simplifying assumption that NDF contains only glucose.
Alternative Measures of the Neutral DetergentSoluble Pool. There are several different ways to measure this pool size. We summarize, below, certain of these methods and comment on their relative merits.
1 ) By chemical analysis (e.g., as in Table 1 ). The formula % NDSC = 100 − %(NDF + ash + fat + crude protein) produces a dry matter-based value of the carbohydrate subfraction.
2 ) By curve subtraction using in vitro digestion data on both the whole forage and the NDF component. This method requires more labor but gives a fractional composition based on digestibility. It rests on the assumptions of the curve-subtraction approach and is secure only as far as those assumptions are valid. Treatment with neutral detergent may modify both the digestibility and the digestion kinetics of the fiber fraction, as noted above.
3 ) By a multi-pool kinetic analysis of the whole forage digestion curve. If we take a purely pragmatic view and assign the fast-digesting component to the NDS pool and the slow to the fiber pool(s), then this approach gives a direct measure of these pool sizes. These assignments are mechanistically simplistic but may be useful in practice because knowledge of both the size and digestion rate of a feed fraction is helpful in assessing its nutritive value.
4 ) By taking a single time-point measurement of the whole forage gas yield, say at 48 h, and by measuring the NDF decrease at this time. We use the relationship NDS gas = whole forage gas − (.39 × mg of NDF digested)
to calculate the fractional contribution, again based on digestibility, of the NDS component. This method requires the least labor ( a single gas and NDF Figure 6 . Neutral detergent-soluble (NDS) carbohydrates as a percentage of total digestible carbohydrate measured by three techniques for clover (C), alfalfa (AA), timothy (T), and guinea grass (GG). From left to right, the bars represent: curve-subtraction of the NDF curve from the whole forage curve (Method 2); dualpool analysis of the whole forage curve (Method 3); subtraction using calculated NDF gas based on amount of NDF digested in a whole forage sample (Method 4). measurement) and the fewest questionable assumptions of the approaches noted above, but gives only pool sizes and no kinetic information. It does assume a fixed relationship between NDF disappearance and gas production. One might object that gas yields from cellulose and hemicellulose, which have different chemical compositions, may differ. The data in Table 1 tend to refute this objection. There are large differences in hemicellulose content between the legumes and the grasses but both types of forage give essentially identical gas yields (.39 mL/mg) from the isolated NDF substrate.
The application of Methods 2, 3, and 4 above to the forages in this study is shown in Figure 6 . All three methods gave similar values for the legumes, but the grasses showed a higher "NDS content" with the purely kinetic approach (Method 3 ) than with the other approaches. A relatively fast-digesting fiber fraction in these grasses may produce this anomaly.
Implications
The gas techniques described here allow us to venture into relatively unexplored territory, namely the pool size and rate of digestion of the neutral detergent-soluble fraction in feedstuffs. We now are able to build a library of data on the digestion of this fraction for modeling studies and to explore more quantitatively its role in ruminant nutrition. Our techniques also provide a tool for agronomic research, because they reduce the laboratory time and resources needed for selection experiments and produce digestibility data directly.
